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Abstract

The conversion of layered transition metal carbides and/or nitrides (MXenes) into

zero-dimensional structures with thicknesses and lateral dimensions of a few nanome-

ters allows these recently discovered materials with exceptional electronic properties to

exploit the additional bene�ts of quantum con�nement, edge e�ects, and large surface

area. Conventional methods for the conversion of MXene nanosheets and quantum dots,
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however, involve extreme conditions such as high temperatures and/or harsh chemicals

that, among other disadvantages, lead to signi�cant degradation of the material as a

consequence of their oxidation. Herein, we show that the large surface acceleration�on

the order of 10 million g's�produced by high-frequency (10 MHz) nanometer-order

electromechanical vibrations on a chipscale piezoelectric substrate is capable of e�-

ciently nebulising, and consequently, dimensionally reducing a suspension of multilayer

Ti3C2Tz (MXene) into predominantly monolayer nanosheets and quantum dots whilst,

importantly, preserving the material from any appreciable oxidation. As an example ap-

plication, we show that the high purity of the MXene quantum dots produced using this

novel room-temperature chemical-free synthesis method exhibit superior performance as

electrode materials for electrochemical sensing of hydrogen peroxide compared to the

highly-oxidised samples obtained through conventional hydrothermal synthesis. The

ability to detect concentrations as low as 5 nM is a ten-fold improvement to the best

reported performance of Ti3C2Tz MXene electrochemical sensors to date.

Keywords

Ti3C2Tz MXene, quantum dots, nanosheets, surface re�ected bulk waves, H2O2 sensing

Introduction

MXenes are a new family of 2D inorganic materials comprising early transition metal carbides

and nitrides with the chemical formula Mn+1XnTz (M: early transition metal; X: C and/or

N; n = 1, 2, 3; Tz: surface termination groups such as O, OH, F and/or Cl)1�7 typically

obtained by selectively etching the A-layer (A being a group 13 or 14 element) from the

parent MAX phase.1,8,9 MXenes have received considerable attention of late owing to their

outstanding electronic properties, high conductivity and excellent electrochemical activity.10
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Together with the hydrophillicity of their surface termination groups, MXenes are endowed

with very high capacitance, therefore rendering them highly promising high-performance

electrode materials for energy storage applications (e.g., lithium- or sodium-ion batteries and

supercapacitors).11�16 In addition, the material has also been explored for electromagnetic

shielding,17 catalysis,18,19 energy conversion,20 CO2 capture
21 and ionic separation,22 among

other applications.23

In the same way that dimensional reduction of 2D materials to nanosheets and quantum

dots (QDs) has led to a diversi�cation of their use by capitalising on their large surface area

and unique quantum con�nement and edge e�ects24�26 while retaining the advantages of

the parent material, MXene nanosheets, and, in particular, MXene quantum dots (MQDs),

which display photoluminescence and electrochemiluminescence characteristics27�30 in addi-

tion to being biocompatible, have been explored for ion sensing,31�33 photothermal therapy,34

bioimaging,31,35,36 biosensing37 and enzymatic detection.38,39 In addition, MQDs have also

been incorporated into composite structures to enhance their photocatalytic and electro-

catalytic properties,40�44 or to enhance charge injection, for example, in perovskite solar

cells.45

The most common method by which MQDs and nanosheets are synthesized is through

the delamination of multilayered MXene through solvothermal28,29,33,39 or hydrother-

mal27,30,31,35,37,38,40�52 processes, microwave-assisted irradiation53 or electrochemical etch-

ing.54 These methods are, however, not only lengthy, requiring agitation or sonication

for many hours to days, but typically also involve temperatures at or beyond 100 oC and

hazardous chemicals including acids, bases or organic solvents, thereby necessitating post-

synthesis wash and separation steps for their removal. More importantly, it is worth noting

that a major drawback of such methods is the severe oxidation of Ti3C2Tz during syn-

thesis wherein the TiO2 content in the synthesized MQD samples can often be as high as

40�80%.27�29,32,35,37,38,40,43,46�50

Herein, we report a novel chemical-free acoustomicro�uidic method for room-temperature
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delamination of single- to few-layer Ti3C2Tz MXene nanosheets and their conversion to

MQDs that preserves the integrity of the material in terms of minimising its oxidation dur-

ing the synthesis process. The method, illustrated schematically in Fig. 1, relies on the

use of a recently-discovered class of nanometer-amplitude high frequency (MHz-order) hy-

brid sound waves known as surface re�ected bulk waves (SRBWs),55 whose extraordinary

108 m/s2 surface acceleration and strong 107 V/m evanescent electric �eld56 has been shown

to be an incredibly versatile mechanism for manipulating �uids as well as bulk and 2D crys-

tals,57 including the exfoliation of bulk transitional metal dichalcogenides,58�61 and more

recently, Ti3C2Tz from Ti3AlC2Tz.
62 In contrast to this preceding work wherein the surface

acoustic waves played a role in facilitating the protonation of lithium �uoride into hydro�u-

oric acid, which, in turn, selectively etched Al from Ti3AlC2, therefore converting it into

Ti3C2Tz, we show in this work direct mechanical delamination and lateral cleaving of mul-

tilayer MXenes into monolayer and few-layer nanosheets and MQDs without the need for

chemical (polar aprotic solvents such as dimethyl sulfoxide (DMSO)63 or organic bases such

as tetrabutylammonium hydroxide (TBAOH)64) or in situ (Li ions present in the etchant65)

intercalants.

Besides revealing their low (approximately 14%) TiO2-xFx content, which is comparable

to that found in the pristine MXene feedstock (around 14%), we show that the MQDs we syn-

thesize have superior performance as electrode materials in electrochemical sensors compared

to the MQDs produced using the hydrothermal method which contained a high proportion

of TiO2-xFx; we note that MXenes have been employed to date for improving direct elec-

tron transfer and for enzyme immobilisation to increase their bioactivity in electrochemical

sensors given their superior electronic properties, large surface area and biocompatibility.66

Here, we demonstrate their use for the detection of hydrogen peroxide (H2O2) given its im-

portance as a common reactive oxygen species in biological systems and as a byproduct of

several oxidase reactions, such as glucose oxidation.66 Moreover, the strong oxidising prop-

erties of H2O2 are likely to result in further oxidation of MXene during sensing, which, in
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Figure 1: (a) Schematic illustration of the experimental setup in which a multilayer Ti3C2Tz

MXene sample is continuously delivered to the SRBW device, atop which it nebulises to
form aerosol droplets of delaminated and cleaved Ti3C2Tz which condense within the glass
bottle enclosure. (b) Successive renebulisation of the condensate collected over many cycles
is observed to (i) laterally cleave, and, (ii) delaminate the sample into progressively smaller
and thinner MXene nanosheets and MQDs.

turn, leads to additional degradation in its performance, and thus the importance of using as

pristine as possible MQDs with minimal oxidation to begin with. Additionally, we note that

the need for pristine MQDs with low TiO2 content has also been underscored in other work

5



utilising MQDs for cancer therapy as catalytic materials for OH• free radical generation in

the presence of H2O2 produced in tumour microenvironments since it has been found that

oxidised MQDs exhibit signi�cant loss in their catalytic activity.67

Results and Discussion

The initial multilayer MXene feedstock, which possess �akes with typical thicknesses and

lateral dimensions on the order of a few microns (see, for example, the representative scan-

ning electron microscopy (SEM) and transmission electron microscopy (TEM) images in

Supplementary Fig. S1), can be seen to be progressively cleaved laterally and delaminated

with successive nebulisation cycles, as seen in Fig. 2. More speci�cally, after 1, 5 and 10 neb-

ulisation cycles, we observe the number of layers of the resultant nanosheets to be thinned

to 8.5 ± 2.6 nm, 4.8 ± 1.0 nm and 1.1 ± 0.4 nm, and their mean diameter cleaved to

68.4 ± 16.9 nm to 27.1 ± 11.9 nm and 10.7 ± 5.6 nm, respectively. Besides facilitating the

ability to tune the nanosheet dimension of the MXene nanosheets that are produced, the

acoustomicro�uidic synthesis technique constitutes an e�cient method for the generation of

predominantly single-layer, and, at most, two-layer MQDs (the thickness of a Ti3C2 MXene

monolayer being approximately 0.98 nm68), with mean diameters of 10.7 ± 5.6 nm obtained

at the end of 10 nebulisation cycles. TEM images of the MQDs obtained, along with the

selected area electron di�raction (SAED) pattern showing the hexagonal structure typical

of MXenes, can be found in Supplementary Fig. S2.

The x-ray di�raction (XRD) spectra in Fig. 3(a) shows the typical MXene (002) peak

at 9◦ in the pristine multilayer feedstock that, together with the (004) peak, indicates its

layered structure in agreement with the SEM and TEM images in Supplementary Fig. S1, and

which, together with the rest of the peaks associated with the (006), (008) and (110) planes,

conform to that reported in the literature for Ti3C2Tz MXene.1,69,70 Upon its nebulisation to

produce the delaminated MXene nanosheets and MQDs, the (002) peak can be seen to shift
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Figure 2: Representative atomic force microscopy (AFM) images (including sample thickness
pro�les) and corresponding thickness (centre; in terms of numbers of atomic layers) and mean
lateral diameter (right) measurement distributions of the acoustically-synthesized MXene
nanosheets and MQDs after (a) 1, (b) 5, and (c) 10 nebulisation cycles. The mean values of
the distributions are indicated at the top of the histograms and scale bars denote lengths of
200 nm.

to a lower angle of approximately 7◦ following the �rst nebulisation cycle and to 6.1◦ after

10 nebulisation cycles. This peak, as well as the (004) peak, can also be seen to broaden

slightly and to decrease in intensity, which could likely be due to increasing intercalation

of the solvent between the delaminated layers,63 although we note that these observations
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Figure 3: (a) XRD and (b) high resolution XPS (Ti 2p region) of the pristine multilayer
MXene feedstock, the MXene nanosheets after 1 and 5 nebulisation cycles, the MQDs after
10 nebulisation cycles, and the HMQDs. Also indicated in the XPS spectra are the areal
percentages of the TiO2-xFx species for each case.

have also been attributed in the literature to the delamination of MXene to MQDs and the

increasing presence of monolayer structures.28,35,37 Further, we observe the appearance of an
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additional peak at 9◦ for the nanosheets produced after 1 and 5 nebulisation cycles, which

can likely be due to their stacking on top of each other as a result of drop casting multiple

samples during sample preparation;71 we note the repeated drop casting onto the glass slide

also produced a thicker �lm that gave rise to a large background signal associated with the

broad peak between approximately 16◦ to 38◦ for the nebulised samples that was not present

in the pristine sample. In addition, we also observe the disappearance of the (110) peak

beyond 5 nebulisation cycles; while this has been claimed to indicate complete delamination

and the absence of any crystallographic stacking between the MQDs,35 it is more likely that

the suppression of the peak arises as a consequence of sample texture and orientation.72

Deconvolution of the peaks in the high resolution x-ray photoelectron spectroscopy (XPS)

spectra associated with the Ti 2p region of all the samples in Fig. 3(b) reveals the change

in the areal percentage of the MXene assigned species, i.e., (F, OH, and/or O)−Ti−C,

(F, OH, and/or O)−Ti2+−C, (F, OH, and/or O)−Ti3+−C, and TiO2-xFx,
73,74 with suc-

cessive nebulisation cycles compared with that in the pristine multilayer feedstock and

hydrothermally-synthesized (HMQD) samples. In particular, we note the similarity in the

composition between the acoustically-synthesized MXenes with that of the pristine sample,

indicating minimal degradation of the material due to oxidation, as can be seen from the

TiO2-xFx content of the acoustically-synthesized MXenes (9%, 13%, and 14% for 1, 5 and 10

nebulisation cycles, respectively), which, after accounting for measurement tolerances, is not

appreciably di�erent from that of the pristine feedstock (14%). This is in stark contrast to

those produced via conventional hydrothermal synthesis, which exhibited extremely high lev-

els of oxidation (84%) consistent with that reported in the literature (typical values between

40% and 80% have been reported in the literature for the equivalent oxide and oxy�uoride

(TiO2 and/or TiO2-xFx) species27�29,32,35,37,38,40,43,46�50). As further con�rmation, we note

that the signi�cant di�erence in the oxidation levels between the acoustically-synthesized

MXenes and HQMDs is also evident in the aforementioned XRD spectra in Fig. 3(a), wherein

it can be seen that, in addition to the shift in the (002) down to 7.8◦ as a result of solvent
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intercalation, multiple peaks associated with the rutile and anatase phases of TiO2
75 are

present for the HQMD samples that are notably absent in their acoustically-synthesized

counterparts.

Figure 4 reports the UV-vis absorption, and, �uorescence (FL) and photoluminescence

(PL) emission spectra of the MQDs after the tenth nebulisation cycle. As expected, we

observe strong absorption in the UV region, with maximum absorbance around 213 nm, and

excitation-dependent �uorescence emission with a maximum occurring at an excitation of

360 nm. It can also be seen from the inset of Fig. 4(a) that the MQDs, while transparent

under ambient excitation, are strongly �uorescent under UV excitation at 365 nm. These

measurements also allow us to estimate a quantum yield for the MQDs of 2.5% (see the

Supplementary Information for details of this calculation). Furthermore, we note the con-

siderable di�erence in the PL intensity in Fig. 4(b) that oxidation in the sample produces,

with substantially lower PL intensities observed for the high TiO2-xFx content of the HMQDs

compared to that obtained with the high-purity acoustically-synthesized MQDs. Although

more broadly dependent on the species and surface states, the longer emission lifetimes, as

seen from the decay in the PL signal of the HQMDs in the inset of Fig. 4(b) (3.9 ns compared

to 3.4 ns for the acoustically-synthesized MQDs, which are comparable to values reported in

the literature27,28,30,31,37,44,48), can also be attributed to its higher oxide content.28

Given the considerably lower TiO2-xFx content of the acoustically-synthesised MQDs, we

anticipate their electrochemical sensing performance to be superior to that of the HMQDs.

To verify this assertion, we compare the performance of both the MQDs we synthesize and

the HMQDs as electrode materials for improving direct electron transfer and maintaining

enzyme bioactivity66 for the detection of H2O2 as a model analyte. The improvement in

electrochemical sensing with the incorporation of MXene can immediately be seen in the

increasing square wave voltammetry peak currents with increasing H2O2 concentrations with

both electrode con�gurations in Fig. 5(a,b). We observe, however, the stark contrast in the

current range of the Naf/MQD/GCE electrode con�guration compared to that obtained with
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the Naf/HMQD/GCE electrode con�guration, whose poor current response is likely due to

its signi�cantly higher TiO2-xFx content. The superior performance of the Naf/MQD/GCE

electrode can also be seen in the linear regression slope of the current response plots in

Fig. 5(c), which is approximately 5- to 6-fold greater than that for the Naf/HMQD/GCE

electrode over the range 5�24 nm and 24 nm�54.4 µM. We also note that the ability to detect

H2O2 down to a concentration of 5 nM with the Naf/MQD/GCE con�guration is one order of

magnitude smaller than the smallest value reported in the literature for Ti3C2Tz MXene;76 a

detailed comparison in the detection performance with other Ti3C2Tz MXene electrodes can

be found in Table S2 in the Supplementary Information. Moreover, cyclic voltammograms of

the electrodes in Supplementary Fig. S3 reveal a stable redox peak at approximately 0.2 V

for the Naf/MQD/GCE and Naf/HMQD/GCE electrodes in comparison to the bare Na�on-

coated electrode (Naf/GCE) in which the redox peak is absent, therefore demonstrating their

electroactivity towards H2O2 and hence their ability for its detection.

Conclusions

MXene nanosheets and quantum dots o�er the possibility of combining the advantages of

enhanced electronic properties, high conductivity and superior electrochemical activity, with

the bene�ts of quantum con�nement, edge e�ects and large surface area. Conventional

methods for synthesizing these materials, which include the ubiquitous solvothermal and

hydrothermal methods, besides being lengthy and requiring elevated temperatures and haz-

ardous chemicals, however, result in signi�cant oxidation of the sample to TiO2, there-

fore considerably compromising the purity of the material, leading to a degradation of its

performance in various applications. In this work, we have reported a new chemical-free,

room-temperature method for delaminating multilayer MXene into predominantly monolayer

MQDs by uniquely exploiting the large mechanical forcing that accompanies the nebulisa-

tion of the sample driven by high frequency acoustic waves. In addition to relatively faster
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Figure 5: (a,b) Square wave voltammetry curves for the (a) Naf/MQD/GCE, and, (b)
Naf/HMQD/GCE con�gurations in 0.1 M PBS with varying H2O2 concentrations (speci�ed
in µM); the arrows show the trend observed for increasing H2O2 concentrations. (c) Current
response and hence detection responsiveness for both the Naf/MQD/GCE (red lines) and
Naf/HMQD/GCE (black lines) con�gurations.

synthesis times, the method is easily scalable with massive device parallelisation given the

miniaturised footprint of the chipscale device and its low costs (around US$1/device by ex-

ploiting the economies-of-scale associated with the mass nanofabrication). More importantly,

we show that the MQDs synthesized through this technique does not lead to appreciable

oxidation of the material. In addition to exhibiting strong UV absorption and excitation-

dependent �uroescence, we show that the high purity of the material leads to their markedly

13



better performance as electrode materials for electrochemical sensing, in particular, that of

H2O2, wherein we show the possibility of detecting concentrations down to 5 nM, which is

the lowest value achieved with Ti3C2Tz MXene electrochemical sensors to date.
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Materials and Methods

Materials

Ti3AlC2 MAX phase was synthesized by a solid state reaction between Ti (-325 mesh,

99.999 wt.% purity; Alfa Aesar, Kandel, Germany), TiC (-325 mesh, 99.5 wt.% purity;

Alfa Aesar, Kandel, Germany) and Al (-325 mesh, 99.5 wt.% purity; Alfa Aesar, Kandel,

Germany) at a molar ratio of 1:2:1, respectively, corresponding to a stoichiometry of Ti3AlC2.

The powders were �rst mixed manually in an agate mortar, following which they were placed

in an alumina crucible and inserted in a horizontal tube furnace. The furnace was heated,

under a 5 sccm Ar �ow, at 5 oC/min to 1450 oC, at which temperature it was held for

120 min. After furnace cooling, the sample was crushed using a mortar and pestle, and

sieved through a 450-mesh sieve.

To synthesize the multilayer Ti3C2 feedstock, 1 g of Ti3AlC2 powder (-450 mesh) was im-

mersed slowly in a polytetra�uoroethylene (PTFE) bottle containing 10 ml of 50 wt./vol.%

hydro�uoric acid (HF; Sigma Aldrich Corp., St. Louis, USA). The mixture was then stirred

using a PTFE-coated magnetic stirrer bar for 24 h at room temperature and the resulting

mixture washed with N2 deaerated deionised (DI) water for several cycles till the pH was ap-

proximately 6 (typically, 8 cycles were needed). In each washing cycle, 40 ml of DI water was

added to the multilayer powder in a centrifuge tube, hand-shaken for 1 min, and centrifuged

at 5000 rpm for 1 min, from which the supernatant was decanted. Following washing, the

colloidal solution was vacuum-�ltered onto a nanoporous polypropylene membrane (3501

Coated PP, 0.064 µm pore size; Celgard LLC, Charlotte, NC, USA), from which the powder

was collected and left to dry in vacuum oven at 100 oC for 24 h.

Device Fabrication and Operation

A schematic depiction of the experimental setup comprising the SRBW device enclosed in

a Para�lm-sealed (Bemis Company Inc., Neenah, WI, USA) 100 ml glass bottle is shown in
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Fig. 1(a). The device consists of a 30 mm × 11 mm × 0.5 mm single-crystal piezoelectric

lithium niobate substrate (128◦ Y-rotated, X-propagating LiNbO3; Roditi Ltd, London, UK)

on which an interdigitated transducer (IDT) electrode with 96 µm aperture is fabricated by

sputter depositing (SPI-Module Sputter Coater; Structure Probe Inc., West Chester, PA,

USA) a 10-nm-thick chromium adhesion layer followed by a 200-nm-thick gold layer and

subsequently wet etching an IDT pattern comprising 60 straight interleaved �nger pairs

using standard photolithography; the width of each IDT �nger and the spacing between two

adjacent �ngers are equal to a quarter of the SRBW wavelength λ ≈ 400 µm, which is then

related to the resonant frequency f ≈ 10 MHz by the phase speed of the sound wave in

LiNbO3.

Before commencing the experiment, the device was �rst thoroughly washed in acetone and

isopropyl alcohol (Sigma-Aldrich Pty. Ltd., Castle-Hill, New South Wales, Australia), then

dried and carefully placed in the 100 ml glass bottle, with its electrical connections passed

through a hole in its lid (Fig. 1(a)). A 20 ml suspension of multilayer Ti3C2Tz MXene feed-

stock at a concentration of 1 mg/ml in ethanol (Sigma-Aldrich Pty. Ltd., Castle-Hill, NSW,

Australia) was continuously introduced onto the chip with a glass syringe through PTFE

tubing (2 mm OD, Cole-Parmer, IL, USA) and a hypodermic syringe needle (24G × 1",

Terumo Corp., Laguna, Philippines) at a delivery rate of approximately 1 ml/min. Prior

to loading the syringe, the MXene suspension was bath-sonicated for 20 mins to achieve a

stable dispersion; the syringe was also periodically agitated during the experiment to avoid

sedimentation of the MXene. Ethanol was used as the organic solvent as it is known to

facilitate high dispersibility of the MXene in addition to preventing its degradation.77 The

low surface tension of ethanol also allows the suspension to spread evenly into a thin �lm

on the surface of the SRBW device, thus allowing more uniform exposure of the material

to the acoustic waves, which, in turn, leads to better monodispersivity in the aerosol size

distribution as the suspension is nebulised by the SRBW.78

The nebulisation process,55,78 which typically results in the generation of a mist of aerosol
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droplets with a typical mean diameter of 1�5 µm, is initiated by applying a 30 Vrms oscillating

electrical signal at the 10 MHz resonance frequency from a signal generator (SML01; Rhode

& Schwarz, North Ryde, NSW, Australia) coupled to an ampli�er (LYZ-22+; Mini Circuits,

Brooklyn, NY, USA). Given their exposure to the tremendous 108 m/s2 acceleration on the

surface of the device as the SRBW transverses it, the multilayer MXene �akes in the thin

suspension �lm on the substrate prior to being nebulised are subjected to large compressional

and shear stresses that simultaneously cleaves the �akes laterally and delaminates them into

smaller and thinner entities (Fig. 1(b)), which are then caught up in the aerosol droplets that

are generated as the �lm itself nebulises. Given the enclosed setup, the MXene-laden aerosol

droplets typically condense along the walls of the glass bottle and accumulate in a pool

at its bottom before subsequently being collected and renebulised. Each nebulisation and

condensation cycle consists of complete nebulisation of the entire 20 ml suspension, which,

at a rate of approximately 1 ml/min, takes around 20 mins. Up to 10 cycles were performed,

with the resultant MXene nanosheets becoming progressively smaller and thinner with every

cycle to the point where predominantly monolayer MQDs were obtained at the end of the

10th cycle (Fig. 1(b)).

Characterisation

To show such dimensional reduction with successive nebulisation cycles, the condensate was

sampled after the 1st, 5th and 10th cycles and centrifuged (5430; Eppendorf, Hamburg,

Germany) at 3500 rpm for 20 mins, from which the supernatant containing the MXenes was

extracted and approximately 1 ml (considerably less for atomic force microscopy (AFM))

was drop-casted onto a mica sheet for analysis under AFM (Dimension Icon; Bruker Corp.,

Billerica, MA, USA), a glass slide for XRD (D8 Advance; Bruker Corp., Billerica, MA, USA),

and a silicon substrate for XPS (Kratos AXIS Supra; Kratos Analytical Ltd., Manchester,

UK). For the AFM measurements, a minimum of 100 particles were analysed to provide

representative lateral and thickness dimensions. XPS was collected using a monochromated
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Al Kα X-ray source (1486.7eV) with a step size of 0.050 eV. The binding energy (BE) scale

of the Ti 2p XPS spectra, on the other hand, was referenced to the Fermi-edge (EF), which

was set to a BE of 0 eV; peak �tting was carried out using CasaXPS (Version 2.3.16 RP 1.6;

Casa Software Ltd., Teignmouth, UK) in the same manner as that in previous work.73,74

Pristine multilayer MXenes were imaged using SEM (Phillips/FEI XL30 SEM-FEG;

Thermo Fisher Scienti�c, Hillsboro, OR, USA) operating at an accelerating voltage of 5 kV

and TEM (JEM-1010; JEOL, Frenchs Forest, NSW, Australia) operating at 100 kV. High

resolution TEM imaging of these and the MQDs, on the other hand, were conducted us-

ing a scanning transmission electron microscope (JEM-2100F; JEOL, Frenchs Forest, NSW,

Australia) operating at 200 kV.

Fluorescence emission and absorption spectra of the MQDs were obtained using a spec-

tro�uorometer (FluoroMax-4, Horiba Jobin Yvon SAS, Edison, NJ, USA) and a UV-Vis

spectrophotometer (Cary 60, Agilent Technologies Inc., Santa Clara, CA, USA), respectively.

For time-resolved �uorescence decay measurements, the MQD suspensions were illuminated

in dedicated cuvettes (Semi-Micro Type 9FL, Fire�ySci Inc., Staten Island, NY, USA) with

a weakly focused 2 mW laser beam (WhileLase SC400-8, NKT Photonics Ltd., Birkerød,

Denmark) at a wavelength of 400 nm; the �uorescence signal was �bre-coupled, �ltered with

a 550 nm optical long-pass �lter (Edmund Optics, Barrington, NJ, USA) and detected with

either a spectrometer (Spectra Pro; Princeton Instruments, Trenton, NJ, USA) �tted with a

CCD camera (Pixis:100; Princeton Instruments, Trenton, NJ, USA) or an avalanche photo-

diode (SPCM-AQRH-14; Excelitas Technologies Corp., Waltham, MA, USA), and analysed

with a correlator card (TimeHarp 260; PicoQuant, Berlin, Germany) for time-resolved mea-

surements.

Electrochemical Sensing

All electrochemical sensing experiments were carried out on a laboratory potentiostat

(VSP; BioLogic, Seyssinet-Pariset, France) with a three-electrode con�guration compris-
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ing a Ag/AgCl in 3 M potassium chloride (KCl) reference electrode, a counter platinum

(Pt) wire electrode (0.5 mm diameter; CH instruments Inc., Austin, TX, USA), and a 3-

mm-diameter modi�ed glassy carbon electrode (GCE) as the working electrode. Prior to the

measurements, the GCEs were polished in a 1.0, 0.5 and 0.03 µm alumina slurry in sequence,

bath-sonicated in ethanol for 20 mins, rinsed with water (18.2 MΩ·cm at 25 ◦C; Milli-Q®,

Merck KGaA, Darmstadt, Germany), and blow-dried. To prepare the modi�ed GCE, 30 µl

of the MQD suspension after the 10th cycle was drop casted onto the GCE in 1 µl incre-

ments and left to dry before the next increment. This was followed by drop casting 2 µl of

Na�onTM 117 solution (approximately 5% in a mixture of lower aliphatic alcohols and water;

Sigma-Aldrich Pty. Ltd., St Louis, MO, USA), and allowing it to dry at room temperature

under cover to protect it from dust. Cyclic voltammetry (CV) and square wave voltammetry

(SWV) from -0.5 to 0.5 V were conducted for the detection of H2O2 by adding small volumes

of this target analyte (30 wt./wt.% H2O2; Chem-Supply Pty. Ltd., Gillman, SA, Australia)

to 20 ml 0.1 M phosphate bu�ered saline (BupHTM, 0.1M sodium phosphate, 0.15M sodium

chloride, pH 7.2; Thermo Fisher Scienti�c, Rockford, IL, USA) solution followed by stirring

with a magnetic bar at 500 rpm for 2 mins to produce a homogeneous H2O2 solution with

concentrations across the range 5 nM to 54 µM. Measurements were recorded with EC-Lab

software (v11.25, BioLogic, Seyssinet-Pariset, France).

To compare the extent of oxidation and its consequence on the sensing performance of the

acoustically-synthesized MQDs with those obtained via a commonly-used synthesis method,

we also repeated the aforementioned experiments with MQDs produced via a conventional

hydrothermal process reported in the literature.35,38,41,42,44,47 Brie�y, 25 mg of the same bulk

multilayer Ti3C2Tz MXene feedstock was dispersed in 25 ml distilled water (UltraPureTM;

Invitrogen, Grand Island, NY, USA) and bath sonicated for 30 mins to make a 1 mg/ml

suspension, to which ammonium hydroxide was gradually added to adjust the solution pH to

9.0. The solution was then transferred to a PTFE-lined stainless steel autoclave and placed

in an oven at 100 ◦C for 6 h, following which it was left to cool down to room temperature.
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The HMQDs synthesized using this method were then collected by �ltering the solution

through a 0.22 µm microporous Nylon membrane (GVS Life Sciences, Sanford, ME, USA).

The modi�ed GCE electrode with these HMQDs was prepared in the same way as that for

the acoustically-synthesized MQDs.
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